Folding stability and cooperativity of the three forms of 1-110 residues fragment of staphylococcal nuclease (SNase110) have been studied by various biophysical and NMR methods. Samples of G88W-and V66W-mutant SNase110, namely G88W110 and V66W110, in aqueous solution and SNase110 in 2.0 M TMAO are adopted in this study. The unfolding transitions and folded conformations of the three SNase fragments were detected by far-and near-UV CD and intrinsic tryptophan fluorescence measurements. The tertiary structures and internal motions of the fragments were determined by NMR spectroscopy. Both G88W and V66W single mutations as well as a small organic osmolyte (Trimethylamine N-oxide, TMAO) can fold the fragment into a native-like conformation. However, the tertiary structures of the three fragments exhibit different degree of folding stability and compactness. G88W110 adopts a relatively rigid structure representing a most stable native-like β-subdomain conformation of the three fragments. V66W110 and TMAO-stabilized SNase110 produce less compact structures having a less stable "β-barrel" structural region. The different folding status accounts for the different backbone dynamic and urea-unfolding transition features of the three fragments. The G20I/G29I-mutant variants of the three fragments have provided the evidences that the folding status is correlated closely to the packing of the β-strands in the "β-barrel" of the fragments. The native-like "β-barrel" structural region acts as a non-local nucleus for folding of the fragment. The tertiary folding of the three fragments is initiated by formation of the local nucleation sites at two β-turn regions, I18-D21 and Y27-Q30, and developed by the formation of a non-local nucleation site at the "β-barrel" region. The formation of "β-barrel" and overall structure is concerted, but the level of cooperativity is different for the three 1-110 residues SNase fragments.
Introduction
The question "how do proteins fold in vivo and in vitro" has been under intensive studies for several decades. It was proposed (1) that small proteins of M.W. about 10-15 kDa fold the same way in vitro as they do in vivo. As has been well established, in vivo proteins are slowly biosynthesized on the ribosome from the N-terminus of the amino acid sequence, and there is a host of other molecular factors in the cell, such as large molecular chaperones and small chemical chaperones that play diverse supportive roles in protein folding. In vitro, the investigation of protein folding has been opened up to molecular and atomic level resolutions, centering on folding mechanisms, pathways, rates, and the driving forces of folding. Three classical hypotheses for the mechanisms of folding (2) have been proposed which put more emphasis on specific structures and pathways. The chemical physics view portrays folding as the motion of the polypeptide chain on a partially rugged, funnel-shaped energy landscape as it searches conformational space on the way to its unique native structure. On a funnel-like energy surface, proteins must pay an entropic price before the downhill tendency of the energy landscape can be manifested (3) .
Staphylococcal nuclease (SNase) is composed of α-and β-subdomains and is a widely used model system for the study of protein folding. Many early studies focused on the thermodynamic and kinetic analysis of SNase folding and unfolding transitions, and on the structural analysis of SNase in non-native states. Abundant experimental data of the folding intermediates, folding stabilities, and residual structures of non-native SNase have been accumulated. Various large SNase fragments and their mutants have been adopted for exploring the folding state and folding process of the molecule before folding to a stable structure (4) (5) (6) (7) (8) (9) . For the 1-102 residues SNase fragment, the G88W and V66W single mutation can not drive the overall folding of the fragments G88W102 and V66W102, but only can make around 30%-40% of the molecule to be possibly structured (4) . However, the G88V/V66L double mutation can drive the 1-103 residues SNase fragment folding into a stable "OB-fold" sub-domain (5) . Fragment Δ131Δ consisting of residues 1-3 and 13-140 was found in a denatured but not random coil state (6) . Chemical cleavage studies of SNase fragment 1-135 and its mutants revealed a native-like state of segment 1-104 and a disordered C-terminal region (7) . Investigation of 136-amino acid polypeptide of SNase (SNase136) and V66W-mutant SNase136 (V66W136) showed the similar conformational features which exhibited the folded β-subdomain and a disordered C-terminal region (8) . Examination of the folding ability and stability of the fragments 1-140 and 1-141 indicated that both SNase fragments exhibited a native-like tertiary folding and W140 is a key residue for the structure and stability of SNase fragments (9) . The folding pathways of SNase with chain elongation from residue K110 to the C-terminal region of the molecule, involving the generation of a "β-barrel" hydrophobic core and overall architecture of the β-subdomain, were analyzed by studying the N-terminal large fragments of SNase (10) .
The 1-110 residues SNase fragment (SNase110) has a nearly complete sequence of the β-subdomain, containing a main "β-barrel" region and two α-helices (helices α1 and α2). In aqueous solution, SNase110 exhibits an ensemble of species containing unfolded and partially folded states (10) . We found that the G88W and V66W single mutations and a small organic osmolyte, Trimethylamine N-oxide (TMAO), can drive the 110-residue SNase fragment to form a native-like folded conformation. The focus of this study was to determine the folding status and folding mechanism of G88W110, V66W110, and SNase110 in 2.0 M TMAO. The tertiary structures, unfolding transitions, and internal motions of the three forms of 1-110 residues SNase fragments were detected using the CD, fluorescence, and heteronuclear multidimensional NMR spectroscopy for studying the folding and stability of the fragments. The results ought to be contributive to a better understanding of the folding mechanism of SNase in vitro.
Materials and Methods

Sample preparation
The SNase110 fragment containing residues 1-110 of SNase from the V8 strain of S. aureus and its mutant fragments, G88W110 and V66W110, were expressed and purified according to the procedures described previously (11) . The mutant variants [G20I/G29I]G88W110, [G20I/G29I]V66W110, and [G20I/G29I]SNase110 were produced by G20I/G29I double mutation of the three 110-residue SNase fragments in the corresponding expression plasmids by the QuickChange method (12) . Uniformly 15 N-and 13 C-labeled fragments were obtained through bacterial growth in M9 minimal media using 15 NH 4 Cl (1g/l) and 13 C-glucose (2g/l) as the sole nitrogen and carbon sources. The purity of the proteins was checked by SDS-PAGE to be a single band. Samples of G88W110, V66W110, [G20I/G29I]G88W110, and [G20I/G29I]V66W110 in 90% H 2 O/10% D 2 O containing 1-2.0 mM proteins and 50 mM acetate buffer (pH 4.9) were prepared for NMR experiments. The samples of SNase110 and [G20I/G29I]SNase110 for NMR studies were prepared by dissolving 1 mM protein in 90% H 2 O/10% D 2 O (pH 6.0) containing 2.0 M TMAO (the purity > 99.0%, purchased from Fluka). Samples of G88W110, V66W110, [G20I/G29I]G88W110, [G20I/G29I]V66W110, and samples of SNase110 and [G20I/G29I]SNase110 in 2.0 M TMAO containing 60 μM proteins and 20 mM Tris-HCl buffer (pH 7.4) were prepared for far-UV CD measurement. 120 μM G88W110, V66W110, [G20I/G29I]G88W110, and [G20I/G29I]V66W110 (pH 7.4) were used for near-UV CD measurements. Samples used for denaturation studies by CD measurements were 30 μM G88W110, V66W110, SNase110 in 2.0 M TMAO and their G20I/G29I-double mutant variants, and those by fluorescence measurements were 6.0 μM G88W110, V66W110, [G20I/G29I]G88W110, and [G20I/G29I]V66W110 (pH 7.4) in the presence of urea at various concentrations range from 0 to 6.0 M with increment of 0.25 M. All the fragment samples prepared for denaturation studies were incubated overnight at 20 °C before measurement. Protein concentrations were determined by UV absorption at 280 nm.
CD measurements
Far-UV CD (200-250 nm) and near-UV CD (240-300 nm) spectra of the six 110-residue SNase fragments were recorded on a Jasco J-720 spectropolarimeter at room temperature. 1 mm and 10 mm cuvette-pathlengths were employed to record the far-UV and near-UV CD spectra, respectively. Five scans were averaged for each measurement. The far-UV CD spectra were used to estimate the contents of secondary structural components in the 110-residue SNase fragments by analysis of the ellipticities using programs in the software package CDPro (http://lamar.colostate.edu/~sreeram/CDPro).
Fluorescence measurements
Intrinsic fluorescence emission spectra of the 110-residue SNase fragments were measured using a Hitachi F-4500 fluorescence spectrophotometer at 20 °C. The slit width for all the measurements was 5 nm. For the intrinsic fluorescence measurements, the excitation wavelength was 295 nm for tryptophan residue. The emission intensity of tryptophan at 325 nm was recorded for G88W110 and V66W110 and their G20I/G29I-double mutant fragments.
Determination of unfolding free energy
The unfolding process was monitored by following the changes in ellipticity and intrinsic fluorescence at wavelengths 222 and 325 nm, respectively. The unfolding free energies of G88W110, V66W110, and SNase110 in the presence of urea were obtained using the intensities of these signals, which were normalized to the fraction of unfolded species using the standard relation: F unf =(I-I N )/(I U -I N ), where N and U stand for the fluorescence intensity of the native and fully unfolded species (13) . The F unf values were calculated from the linear extrapolation of the pre-and post-unfolding baselines. The unfolding free energy and m values in relation: ΔG=ΔG°(H 2 O)+m [D] were obtained from the fitting of the denaturation data to two-state model using the standard equation (13, 14) for all the six fragments, except otherwise indicated.
NMR spectroscopy
All NMR experiments were run on a Bruker DMX 600 spectrometer equipped with a triple-resonance cryo-probe at 305 K for G88W110 and at 298 K for V66W110 and SNase110 in 2.0 M TMAO. For the resonance assignments and NOE and J-coupling constant determinations the 3D 1 H- N NOE experiments a delay of 2 s was followed by 1 H saturation for 3 s, whereas the saturation period was replaced by a delay of equivalent duration in the control experiment. Two experiments were run in an interleaved manner.
Structure calculation
Based on the sequential assignments, the NOE cross peaks between main chain protons, and between main chain and side chain protons were identified for G88W110, V66W110, and for SNase110 in 2.0 M TMAO. For calculation of 3D conformations of the fragments, only the medium and long-range NOEs were used. Dihedral angle constraints were obtained using the program TALOS (21) . ±25°-±60° restraints were introduced for phi and psi angles. Stereospecific assignments were obtained for G88W110 by analysis of the HNHB spectrum, J-coupling constants, and the NOEs built between the 1 H N , 1 
applies, where T 2,n and T 1,n are the T 2 and T 1 value of residue n, and 〈T 2 〉 and 〈T 1 〉 are the average T 2 and T 1 value taken over residues that have not been excluded because of low NOE. SD is the standard deviation of the function calculated for these residues. The starting values of the parameters τ m and D || /D ⊥ in the model-free analysis of the relaxation data were 8.35 ns and 1.15 for G88W110, 9.70 ns and 1.25 for V66W110, and 14.28 ns and 0.88 for SNase110 in 2.0 M TMAO, respectively. These calculated diffusion parameters and the R 1 , R 2 , and 1 H-15 N NOE relaxation data were then used as the input for the model-free analysis. The axial symmetric model-free spectral density function was chosen to derive the dynamical parameters for the three fragments. The N-H bond length was assumed to be 1.02 Å and the N-H chemical shift anisotropy (CSA) was taken as -160 ppm. A Lipari-Szabo analysis (23, 24) was performed for all individual residues. Five model-free parameter sets were iteratively tested and selected as described by Mandel et al. (28) . 500 Monte Carlo simulations were performed to estimate the errors in the model-free parameters.
Results
Secondary and tertiary structures detected by CD spectra
The far-UV CD spectra in Figure 1A and B were used to report the secondary structures of 110-residue SNase fragment and its mutant variants. For comparison, the far-UV CD spectrum of full-length SNase was also presented in Figure 1 . Table 1 lists the estimated contents of secondary structural components in the 110-residue SNase fragments. The far-UV CD spectrum of G88W110 resembles those of native SNase in Figure 1A , indicating an ordered conformation of G88W110 having more ideal helical structures compared to the other fragments. Therefore, the apparent helix content of G88W110 is higher than the other fragments (Table 1) . SNase110 in aqueous solution provided a pronounced negative signal at about 204 nm and a broad shoulder at about 222 nm in the far-UV CD spectrum, which indicated a conformation exhibiting a transient equilibrium involving species containing partially folded and unfolded states ( Figure 1A) . However, 2.0 M TMAO facilitated SNase110 to produce a unique far-UV CD spectrum, which seems to be an additive result of the relatively high β-strand and low α-helix contents of the fragment. V66W110 showed a negative signal at about 207 nm and a broad shoulder at 222 nm in the far-UV CD spectrum ( Figure 1A ). This reflected a folded conformation having less ordered secondary structures in V66W110 as compared with the far-UV CD spectra of G88W110 and SNase110 in aqueous solution. The diminished intensity in the ellipticity at 222 nm in the far-UV spectrum of V66W110 indicated much less α-helix content of V66W110 than those of G88W110, since the far-UV CD signal is sensitive to the secondary structure, and particularly, to the α-helix content of a polypeptide.
The near-UV CD spectrum is dominated by tryptophan ellipticity and thus is used as an indicative of tertiary structure around the tryptophan residue in 110-residue SNase mutant variants. In the near-UV region, native SNase showed a pronounced negative signal at 277 nm which can be considered as an index of the uniqueness of SNase tertiary structure ( Figure  1C ). The explicit negative CD signal of G88W110 at about 277 nm in the near-UV region provided an indication of substantial tertiary structure of this fragment. V66W110, showing noticeable CD signal at about 277 nm in the near-UV region, exhibited a certain degree of tertiary folding in its conformation. Conformations of the three fragments can be probably broken down by G20I/G29I double mutation ( Figure 1B ). The far-UV CD spectra indicated the increase of disordered components in the conformations of G20I/G29I-double mutant variants of 110-residue SNase fragments ( Figure 1B and Table 1 ). The random coil features dominating over the conformation of [G20I/G29I]V66W110 were delineated by the pronounced negative peak at about 204 nm and the vanished negative signal at 277 nm in the far-and near-UV CD spectra, respectively of the fragment. Apparently, no ordered tertiary structure was formed in [G20I/G29I]V66W110. The unstructured features in the far-UV CD spectrum and the very weak signal in the near-UV region of [G20I/G29I]G88W110 ( Figure  1B and C) revealed a partially folded component in the conformation of G20I/G29I double mutant G88W110.
Urea unfolding transitions of the fragments
The unfolding transitions of G88W110, V66W110 and SNase110 in 2.0 M TMAO and their G20I/G29I-mutant variants were detected using the far-UV CD and intrinsic tryptophan fluorescence measurements. The CD spectra of G88W110, V66W110 and SNase110 in 2.0 M TMAO upon unfolding measured after 40-fold dilution of the unfolded fragments in 6.0 M urea showed full restoration, indicating full reversibility of the unfolding transition ( Figure 1 in supplementary materials). The apparent free energy for unfolding in the presence of urea (ΔG°(H 2 O)) and the slope of the transition (m) were then calculated by fitting unfolding curves using two-state mechanism model (13, 14) . Table 2 Figure 2 shows also the urea-induced unfolding transition of full-length SNase as monitored by CD and fluorescence spectroscopy. Unfolding of native SNase exhibited a two-state process. Both CD and fluorescence signals showed the same transition, having a single and sharp sigmoidal changes ( Figure 2A ). The unfolding of G88W110 was followed with CD and fluorescence. The sigmoidal changes of CD and fluorescence signals of G88W110 were nearly superimposable ( Figure 2B ). However, the discrepancies between CD and fluorescence results were observed for V66W110 ( Figure 2C ). This may probably correlate with the tertiary folded conformation of V66W110. The unfolding curve from CD measurement is associated with the less ordered α-helix structure in V66W110. Nevertheless, the unfolding curve of V66W110 from fluorescence measurement indicates the tertiary conformation of "β-barrel" in the local environment of W66, since the intrinsic tryptophan fluorescence signal is a sensitive criterion for tertiary structure around the tryptophan residue in protein The unfolding transition of SNase110 in 2.0 M TMAO was followed by CD only, because there is no tryptophan residue contained in this fragment. Compared to native SNase and G88W110, SNase110 in 2.0 M TMAO unfolded with a single but shallow transition ( Figure 2C ).
The equilibrium behaviors of the three 110-residue SNase fragments in the urea-induced unfolding process are quite different. As is indicated in Table 2 , G88W110 has relatively high unfolding free energy among the fragments. The m-values for G88W110 estimated from CD and fluorescence measurements are nearly same. At 2.0 M TMAO, the unfolding free energy of SNase110 is similar to those of G88W110, but the m-value is lower than those of G88W110. V66W110 has the lowest unfolding free energy of the three 110-residue SNase fragments. However, the estimated m-values for V66W110 from CD and fluorescence are close to SNase110 in 2.0 M TMAO and G88W110, respectively. Secondary chemical shifts Figure Figure 3D ) is similar to those of SNase110 in aqueous solution (10) . Sequential backbone assignments were determined for G88W110, V66W110, and SNase110 in 2.0 M TMAO using a series of 3D 1 H- (10), V66W110, and SNase110 in 2.0 M TMAO were assigned, respectively. Most of the backbone resonances for helix α2 and a few for helix α1 of V66W110 were unable to assign. This is consistent with the CD observations that V66W110 has much less α-helix content compared to the other two fragments. The assigned Figure 4A . The secondary structural elements of native protein, SNase of V8 strain (SNase(V8)) (15, 16) , are indicated in Figure 4B . For comparison, the secondary chemical shifts (δH α ) of SNase(V8) are also shown in Figure 4A . The δH α of the three fragments was compared to those of SNase(V8) and the differences in δH α (ΔH α ) are given in Figure 4A . The δH α values of G88W110, V66W110, and SNase110 in 2.0 M TMAO are very similar to those of SNase(V8), except the residues in sequence region L36-E57 and pdTp-binding loop (p-loop, D77-L89) as well as in the C-terminal of the fragments (Figure 4 ). This indicates the tendencies towards the formation of native-like secondary structures in the three fragments. Residues V39-D40-T41 and A109-K110-V111 form a short two-strand antiparallel β-sheet (β III ) in SNase(V8) (30) . Therefore, truncating C-terminal portion of the enzyme sequence at K110 perturbed largely the secondary chemical shifts of L38-D40 in the fragments ( Figure 4A ). Segment P42-E57 was identified as a ω-loop in the native enzyme molecule (30) . δH α of residues K53, Y54, and G55 in the segment P42-E57 of the three fragments are different from those of SNase(V8). Considering the changes in δH α for residues L38-D40, it seems that the sequence region P42-E57 is not a ω-loop in the fragments ( Figure 4A ) and the segment L36-E57 appears as a disordered loop linking strand β3 and helix α1 (we shall call the region L36-E57 as L β3α1 hereafter). The explicit changes in δH α of corresponding residues in p-loop of the fragments, especially the large ΔH α for T82 of V66W110 and G88W110, G88 of V66W110, and L89 of SNase110 in 2.0 M TMAO ( Figure  4A ), reveal that the p-loop of the fragments differs from that of SNase(V8) in conformation. Overall, the δH α and ΔH α values indicate the native-like conformations of G88W110, V66W110, and SNase110 in 2.0 M TMAO and the differences in backbone conformations of p-loop and the loop L β3α1 of the three fragments.
Tertiary NOE contacts
The NOE assignments were obtained for G88W110, V66W110, and SNase110 in 2.0 M TMAO (Figure 4 in supplementary materials) . Only the NOEs between main-chain protons and between main-chain and side-chain protons were identified. The assigned medium-range and long-range NOEs for G88W110 were more than those for full length SNase(V8) (30) . However, only 27% and 54% NOEs of SNase(V8) were identified for V66W110 and SNase110 in 2.0 M TMAO, respectively due to the incomplete resonance assignments. The tertiary NOE contacts of the three fragments are illustrated in the NOE contact maps ( Figure  5 ), which are similar to those of native SNase (30) ( Figure 5 in supplementary materials) . In Figure 5 , the medium and long-range NOEs between main-chain protons and between main-chain and side-chain protons within the β-barrel and α-helix regions of the fragments are indicated above the diagonal. Below the diagonal, the NOE contact maps show the medium and long-range 1 H-1 H NOEs between the secondary structural elements of the fragments. Most NOEs identified for G88W110, V66W110, and for SNase110 in 2.0 M TMAO are similar. In the region above the diagonal of Figure 5 , all three fragments show a great quantity of NOEs between residues in β I -pleated sheet consisting of strands β1, β2, and β3, and β II -pleated sheet consisting of strands β4, β5, and β6 ( Figure 4B ). There is an exception that SNase110 in 2.0 M TMAO lacks the 1 H-1 H NOEs between strands β2 and β5, and between β3 and β6, which can be observed for G88W110 and V66W110. This implies that the β I -and β II -pleated sheets are more flexible in SNase110 in 2.0 M TMAO. The α-helices (α1 and α2) of G88W110 and SNase110 in 2.0 M TMAO showed a large number of inter-residue NOEs. However, only the C-terminal portion of helix α1 in V66W110 provided a number of NOEs. Below the diagonal of the NOE contact maps, the NOEs between residues in the N-terminal of p-loop and strand β4, C-terminal of p-loop and strand β3, helix α1 and strands β1 and β2, L α1β5 (loop linking α1 and β5) and L α2β6 (loop linking α2 and β6), are common for all the fragments. This indicates the similarity between the three fragments in spatial arrangement of the p-loop and helices relative to β-pleated sheets. The NOEs generated by residues in helix α1 with those in helix α2 can be observed for G88W110 and SNase110 in 2.0 M TMAO, but not for V66W110. G88W110 is the only fragment providing the NOEs between L36 and residues in segment D21-V23. The above described NOEs depict the tertiary NOE contacts between secondary structural elements of the three fragments. The three SNase fragments show very similar spatial arrangement of secondary structures. The differences in NOE contacts of the three fragments may correlate with the different folding status of the fragments.
3D solution structures
The 3D solution structure of G88W110 was well determined based on the assigned NOEs. The NOE contact maps of V66W110 and SNase110 in 2.0 M TMAO are very similar to those of G88W110 although lack a number of NOEs. Therefore, the tertiary structures of V66W110 and SNase110 in 2.0 M TMAO were calculated also for better understanding the folding properties of the 110-residue SNase fragment. For each of the three fragments, the final ensemble of 12 structures was converged with relatively low backbone RMSD and low target function energy compared to the rest of calculated structures in each case. Structural statistics for structures of the three fragments are given in Table 3 . The stereo-chemical quality of the backbone coordinates of each structural family was analyzed using the program PROCHECK_NMR (31) . The results of the Ramanchandran map analysis are given in Table  3 . Best-fit superpositions of the backbone heavy atom coordinates of the 12 structures for G88W110, SNase110 in 2.0 M TMAO, and V66W110 by MOLMOL (32) are shown in Figure 6 . The obtained ensemble of solution structures for G88W110 is the best of the three fragments.
The calculated solution structures for all three fragments are similar to the corresponding part of the 3D solution structure of SNase(V8) (30) (Figures 6), which is regarded as a β-subdomain of SNase. However, differences in conformations are observed between fragments and native SNase. The segment L36-P42, containing a regular β-strand V39-T41 (β7) in native SNase(V8), shows a different conformation in G88W110. Residues T41 and D21 are involved in formation of a coordinate site for Ca 2+ association, and 13 C α of D21 is about 6.2 Å distant from 13 C α of T41 in SNase(V8). However, the averaged distance between 13 C α of T41 and D21 is about 12.7 Å in the structures of G88W110. Residue D21 is located in a well formed β-turn of β-barrel. Therefore, the backbone conformation of segment L36-P42 in G88W110 is quite unlike those of SNase(V8). In the structure of SNase(V8), the p-loop linking strands β5 and β6 twisted with respect to the spatial arrangement of strands β5 and β6, the N-terminal half segment of the loop linking strand β5 leans towards the left side and the C-terminal half segment of the loop which connects to strand β6 leans towards the right side ( Figure 4B ). The averaged distance between 13 C α of the terminal residues (D77 and L89) of p-loop is about 7.4 Å for G88W110, while it is about 7.9 Å for SNase(V8). Apparently, the conformation of the p-loop in G88W110 is similar to that of SNase(V8). Therefore, the tertiary folding of G88W110 produces an ordered conformation representing a very native-like β-subdomain. However, the NMR-derived structures of SNase110 in 2.0 M TMAO and V66W110 are less precise, although they adopt native-like tertiary conformations. The helix structures in V66W110 and SNase110 in 2.0 M TMAO are poorly determined, especially the helix α2 in V66W110, due to the lower percentage of the identified NOE cross-peaks. A disordered loop L β3α1 links up the strand β3 and helix α1 in the tertiary folding of all three fragments.
Apparent molecular size
To assess whether G88W110, V66W110, and SNase110 aggregate under the experimental conditions, the apparent molecular sizes of the three fragments were measured at various protein concentrations. The translational diffusion coefficient is commonly used to determine the apparent radius of a molecule under study. The relationship between diffusion coefficient D and solvated particle radius R is expressed by Stokes-Einstein equation:
where K is the Boltzmann constant, T is the absolute temperature, and η is the fluid viscosity.
The diffusion coefficients of the 110-residue SNase fragments were obtained by translational diffusion measurements. For determining the apparent molecular radius of G88W110 and V66W110 in aqueous solution and SNase110 in 2.0 M TMAO, the diffusion coefficient ratio of the reference molecule dioxane to each fragment in aqueous solution or in the presence of TMAO was calculated. In order to convert the diffusion coefficient ratios of the three fragments to the apparent molecular radius R for each fragment, the diffusion coefficient ratio of dioxane to full-length SNase (149 a. a.) which has a known radius of 16.2 Å (33) was obtained under the same experimental conditions. Variation of the calculated diffusion coefficient ratio and apparent molecular radius for the three SNase fragments at different protein concentrations are shown in Figure 7 . The approximately same molecular radii were obtained for each of G88W110 and V66W110 in aqueous solution and SNase110 in the presence of TMAO at different protein concentrations. However, the concentration dependence of molecular size of SNase110 in aqueous solution was observed (Figure 7 Figure 7 indicates that the apparent molecular radius of G88W110 is smaller than those of native SNase. However, the apparent molecular radius of V66W110 has a value approximate to the value obtained for native SNase. For SNase110 in 2.0 M TMAO, a molecular size larger than those of full-length SNase is obtained. The differences in the apparent molecular radii are supposed to correlate with the different compactness in folding of G88W110, V66W110, and SNase110 in 2.0 M TMAO, since they have similar native-like β-subdomain structure. The molecular radius can be used as an index of the degree of compactness of the three 110-residue SNase fragments in this study.
Backbone dynamics
The T 1 and T 2 relaxation properties of G88W110, V66W110, and SNase110 in 2.0 M TMAO at 298 K are quite different (Figure 8) . However, such a large difference in R 1 and R 2 rates between the three 110-residue SNase fragments is not caused by aggregation of the fragments, but reflects the intrinsic relaxation properties of each fragment. The independence of molecular sizes of the three fragments on protein concentrations and the comparable R 2 values for each fragment at concentration of 1.0 mM with those of 0.2 mM (Figure 7 in supplementary materials) insured that the concern for aggregation effect can be excluded in the interpretation of relaxation data.
The relaxation data were analyzed for individual residues of the fragments by the Liparli-Szabo approach (23, 24) . The determined correlation times for overall rotational motion (τ m ) of the fragments are 8.20±0.03, 9.75±0.05, and 14.20±0.07 ns, respectively for G88W110, V66W10, and SNase110 in 2.0 M TMAO. The different τ m values for the three 110-residue fragments may be due to their different degree of compactness. The less compact structure of V66W110 may hinder the fragment from more freely molecular tumbling in aqueous solution. For TMAO-stabilized SNase110, having lower degree of the compactness compared to G88W110, the presence of 2.0 M TMAO increases the viscosity of the sample solution, hence reducing significantly the molecular tumbling of this fragment. The compact structure of G88W110 makes the tumbling of the fragment faster than the other two fragments.
The general order parameter S 2 and effective correlation time τ e which describe the fast internal reorientation motions of N-H bond vector were obtained for the fragments. The plot of generalized order parameter S 2 and internal correlation time τ e against residue number for the three fragments are given in Figure 8 . A large number of residues in the disordered loop L β3α1 and in both N-and C-terminal regions (A1-K9 and L108-K110) of all the three fragments have S 2 values well below 0.7 and τ e values higher than 0.4 ns, indicating higher internal mobility and flexibility of these regions. The average S 2 value was calculated for all the three fragments by averaging over most residues in secondary structural elements: α-helix, β-strand, and pdTp-binding loop, excluding the residues in the regions with large-amplitude fast internal motions, namely the disordered L β3α1 loop and both terminal regions in the fragments. For the vast majority of the residues in the secondary structural regions of G88W110, the G88W110 indicates that TMAO stabilizes SNase110 and makes SNase110 having apparent low degree of backbone internal mobility than V66W110. The R ex term was required in model-free analysis for some residues of the three fragments. The optimized R ex values for subsets of residues in G88W110, V66W110 and SNase110 in 2.0 M TMAO are summarized in Figure 8 . For G88W110 only a few amide groups display large R ex contributions. Residues L38 and V39 with R ex values around 30.58±2.59 and 3.34±0.73 Hz, respectively occur at the beginning of the disordered loop L β3α1 of G88W110, presumably, due to the transition from rigid secondary β-sheet structure to completely flexible L β3α1 loop. In V66W110, a contiguous group of residues: T13, K16, A17, D19, G20, D21, Y27, and T33 in the segment of β I -sheet experiences slow conformational exchange motions with R ex > 3.0 Hz, indicating higher mobility on the ms-μs timescale of β I -sheet region. Especially, the significant conformational exchange motions (R ex > 9.0 Hz) are found for amide groups of residues K16, A17, D19, G20, and D21 around β-turn τ1 in the β I -sheet of V66W110. For SNase110 in 2.0 M TMAO, the slow exchange motions with R ex > 3.0 Hz occur for a number of residues throughout the sequence region I15-Q106, among them residues I15, D19, G20, D21, D39, and E43 display large R ex contributions (R ex > 5.0 Hz). Residues D39 and E43 at the beginning of the disordered loop L β3α1 in TMAO-stabilized SNase110 show significant R ex contributions (R ex > 6.0 Hz), which is a feature common with G88W110 in this region. Being different from G88W110, residues D19, G20, D21, and V23 in the segment around β-turn τ1 of SNase110 in 2.0 M TMAO undergo the slow conformational exchange motions, whereas the R ex contributions and low S 2 values for residues K78, Q80, and R81 in the p-loop suggest some fast internal motions on a sub-ns to ps timescale existing in this region of the fragment. Above described R ex contributions indicate that the higher degree of slow conformational exchange motions occur to residues in the relevant secondary structural regions of V66W110 and TMAO-stabilized SNase110, but not for G88W110. Therefore, the three 110-residue SNase fragments showing different internal motions exhibit different structure rigidity and compactness. G88W110 adopts a relatively rigid structure having a higher motional restriction for the relevant N-H vectors in secondary structural regions. The less restricted backbone mobility on ns-ps timescale is observed for V66W110 which exhibits a less compact structure of higher flexibility. The internal motions of SNase110 in 2.0 M TMAO are more complex, including the relatively high restricted fast internal motions and the contributions from slow conformational exchange which are displayed in G88W110 and V66W110, respectively. The fast internal motions are dominative in the p-loop of V66W110 and TMAO-stabilized SNase110. Loop L β3α1 and two terminal regions of all the three fragments are highly flexible.
Discussion
Folding status of the three forms of 110-residue SNase fragment
As has been reported, the native SNase has a main "β-barrel" hydrophobic core (30) which contains around 40% of the total hydrophobic residues of SNase. Truncating SNase at K110 disrupts the tertiary hydrophobic interactions in SNase and therefore disturbs also the parking interactions in the "β-barrel" hydrophobic core of the molecule (30, 11) . As a result of disrupting the native structure, the retained driving force for folding of SNase110 can not be balanced with the opposing force from entropic contribution which is principally responded by conformational freedom (34) . This makes SNase110 adopt a conformational ensemble of co-existent partially folded and unfolded states in aqueous solution (10) . However, G88W and V66W single-point mutations of 110-residue SNase fragment and an effective osmolyte TMAO can raise the unfolding free energies of the fragments (10, 35) , and facilitate the fragments folding into native-like conformations. The tertiary conformations of G88W110, V66W110, and SNase110 in 2.0 M TMAO demonstrate similar native-like β-subdomain structures, but exhibit different level of folding stability, cooperativity and compactness.
Different folding stabilities of the three 110-residue SNase fragments
Stabilities of G88W-and V66W-mutant SNase fragments having different chain lengths were examined previously by GuHCl-induced denaturation experiments. The obtained unfolding free energies revealed a more stable folding of G88W110 than that of V66W110 (11) . In this study, the folding stabilities of SNase110 and its mutant variants are depicted by the urea-induced denaturation and backbone 15 N relaxation data, which describe thermodynamic and structure stabilities, respectively in the folding of the fragments. G88W110 has most high unfolding free energy of the three fragments (Table 2) , indicating its high stability to unfolding. The restricted backbone internal motions of the "β-barrel" and α-helix regions in G88W110 showing higher average S 2 value reflect a tightly packed "β-barrel" hydrophobic core and well folded α-helices in G88W110. The "β-barrel" hydrophobic core of G88W110 is most stable of the three fragments, since no explicit conformational exchange motions (R ex > 3.0 Hz) can be observed in this structural region. V66W110 experiences the less restricted fast internal motions and significant slow exchange motions revealed by low average order parameter S 2 and large R ex value, respectively. The significant slow conformational exchange motions occur in the "β-barrel" region of V66W110, especially at β-turn τ1 of the "β-barrel" which shows a much higher degree of conformational exchange motions. This can be attributed to interconversion between different conformations in β-turn τ1 region of the fragment, suggesting a dominant overall conformation with local conformational heterogeneity in V66W110. The low unfolding free energy of V66W110 provided by both CD and fluorescence measurements, is associated largely with the unstable folding of V66W110. The unfolding free energy and average order parameter S 2 estimated from the unfolding transition and backbone relaxation, respectively for SNase110 in 2.0 M TMAO are close to that for G88W110 (Table 2 and Figure 8 ). However, the R ex contributions displayed in the "β-barrel" region and at site around the β-turns τ1 of TMAO-stabilized SNase110 are supposed to be associated with the lower level of packing in the "β-barrel". Apparently, the solvophobic effect of TMAO makes the backbone of SNase110 have restricted fast internal motions, but the "β-barrel" hydrophobic core remains unstable. The estimated α-helix content (Table 1) of both V66W110 and SNase110 in 2.0 M TMAO is lower than those of G88W110, implying the incomplete or less ordered folding of α-helices in V66W110 and TMAO-stabilized SNase110 compared to that in G88W110 as it is displayed by 3D structure determination ( Figure 6 ).
The above analysis indicates the different folding stabilities of the three 110-residue SNase fragments, which accounts for the different backbone dynamic and urea-unfolding transitions of these fragments. Folding of G88W110 exhibits a stable structure having a stable "β-barrel" hydrophobic core. V66W110 generates an unstable structure having an unstable "β-barrel" in the tertiary conformation. TMAO-stabilized SNase110, exhibiting relatively high restricted fast internal motions, has an unstable folding of the "β-barrel" structural region.
Different folding cooperativities of the three 110-residue SNase fragments
In the fully cooperative system undergoing a two-state unfolding, where the ensemble of proteins contains effectively only proteins that are completely folded or highly unfolded, losses of secondary and tertiary structures during unfolding are synchronous (36) . The coincidence of fluorescence and CD data from equilibrium denaturation experiments has been taken as an indicator for two-state folding of a protein. To analyze the cooperative transitions of the three 110-residue SNase fragments, the equilibrium denaturation transition of full-length SNase was monitored using both fluorescence and CD measurement. Native SNase has a relatively high level of folding cooperativity as shown by superimposability of equilibrium denaturation curves from CD and fluorescence experiments (Figure 2A ) and by the coefficient of cooperativity m ( Table 2 ). The nearly same results of equilibrium denaturation experiments by fluorescence and CD for G88W110 ( Figure 2B ) suggest that the folding of secondary and tertiary structures of G88W110 is supposed to be concerted. This implies that G88W110 can be considered as a fully folded 110-residure SNase fragment having native-like ordered secondary structures. In the tertiary structure of native SNase (30), the "β-barrel" structural region is constructed by two antiparallel β-sheets, namely β I and β II -pleated sheets ( Figure  4B ). The 110-residue SNase fragment has a nearly complete sequence of the native β-subdomain of SNase, containing an integrated "β-barrel" hydrophobic core and two helices α1 and α2. Residue 88 is located at the C-terminal end of p-loop or the N-terminal of strand β6 which links up strand β5 through p-loop. The strand β5 is antiparallel to strands β6 and β4 in the β II -pleated sheet. Obviously, the replacement of glycine by tryptophan at sequence position 88 improves the tertiary interactions in the structural region around residue W88, and intensifies the hydrophobic packing interactions of residues from the strand β6 with the other residues in the "β-barrel" region. As a result, G88W110 has well-packed, native-like "β-barrel" hydrophobic core and α-helices. The established network of interactions triggered by G88W mutation should be responsible for the cooperative nature of the equilibrium unfolding transition of G88W110.
In native SNase, V66 is one of the residues forming helix α1. A peptide K70-K71 links helix α1 with strand β5 of the β II -pleated sheet. The substitution of tryptophan for valine at sequence position 66 may intensify the hydrophobic interactions of W66 from helix α1 with hydrophobic residues in the "β-barrel" region of the protein, generating a native-like β-subdomain structure ( Figure 4B) . However, the enhancement of the hydrophobic packing interactions in the "β-barrel" region by V66W mutation is not as effective as those by G88W mutation. The CD and NMR experiments indicate that V66W mutation can only generate a less ordered and unstable tertiary structure, which exhibits a decreased level of packing in the "β-barrel" hydrophobic core and incomplete folding of α-helices. Conformation of TMAOstabilized SNase110 is composed of secondary structural elements that pack together in a manner similar to that seen in G88W110 ( Figure 4B) . Nevertheless, the long-range hydrophobic interactions were disrupted in SNase110 and the effects of TMAO have little if any to do with the hydrophobic interactions in the protein (35) , the remained hydrophobic interactions in the "β-barrel" region of TMAO-stabilized SNase110 can not generate tight packing of side chains in the "β-barrel". Thus, the loose packing of the side chains occurs in the "β-barrel" hydrophobic core, and the secondary α-helix structure is incompletely folded in TMAO-stabilized SNase110 similar to that in V66W110. The loosely packed "β-barrel" and incompletely folded α-helical structures of both V66W110 and TMAO-stabilized SNase110 suggest that both fragments can not be regarded as fully folded fragments. This may account for the broadening of the unfolding transition obtained by CD measurements for V66W110 and TMAO-stabilized SNase110 as compared with G88W110. On the other hand, the CD experiments give approximately the same cooperativity coefficient m for V66W110 and TMAO-stabilized SNase110, which is lower than those for G88W110. Therefore, V66W110 and TMAO-stabilized SNase110 have lower level of folding cooperativity than that of G88W110. The above analysis suggests that the hydrophobic packing interactions in the "β-barrel" hydrophobic core play an important role in determining the folding cooperativity of the three fragments. Differences in cooperativity seen for the three 110-residue SNase fragments may reflect the different extent of formation of the native-like "β-barrel" hydrophobic core and α-helix of the fragment.
Different folding compactness of the three 110-residue SNase fragments
Compactness of a protein molecule is highly correlated with the extent of formation of secondary structures in protein, and is one of the important properties characterizing the degree of protein folding. The denaturant m-value is roughly proportional to the change in solvent exposure during the unfolding transition and thus correlates also with the compactness of a protein (37) . Translational diffusion measurement provides directly the apparent molecular size and thus an index of the folding compactness of the three fragments. 110-residue SNase fragment has a shortage of 39 residues compared to the full-length SNase. Thus, the fully folded G88W110, giving a molecular size smaller than the size of native SNase (Figure 7 ), has a relatively high level of compactness in the structure. However, the low level of compactness is obtained for V66W110 and TMAO-stabilized SNase110, since the apparent molecular radius of V66W110 is close to native SNase and the size of TMAO-stabilized SNase110 is larger than those of native SNase (Figure 7) . The m-values in Table 2 indicate that the changes in solvent exposure during the unfolding transitions of V66W110 and TMAO-stabilized SNase110 are smaller than that of G88W110, implying also less compact structures of both V66W110 and TMAO-stabilized SNase110. The compactness of G88W110 can be seen in the packing of residues in the "β-barrel" hydrophobic core. Compared to the tight packing of side chains of the relevant hydrophobic residues in the "β-barrel" region of SNase(V8) (Figure 9 ), the similar tight packing of the corresponding residues is observed for G88W110. However, TMAO-stabilized SNase110 shows the large deviation in the relevant packing ( Figure 9 ). Therefore, G88W110 is most compact of the three 110-residue SNase fragments.
In the "β-barrel" of native SNase, the three-strand antiparallel β I -sheet is constructed by the segment T13-R35 ( Figure 4B ). On the other hand, the three individual segments, H8-P11, I72-F76, and A90-Y93, form the three individual β-strands, β4, β5, and β6, respectively, which form the antiparallel β II -sheet. As was analyzed above, the compactness of 110-residue SNase fragment is highly correlated with the tightness of the packing of the strands β6 and β5 onto the β I -sheet in the "β-barrel" region. Thus, the formation of native-like hydrophobic packing interactions is invoked for tight packing of the "β-barrel" in the fragment folding. Among the three forms of 110-residue SNase fragment, only G88W-mutation, increasing the hydrophobicity of the site at residue 88, can consolidate the hydrophobic packing interactions in the "β-barrel" region, which is verified by a stable, compact structure of G88W110. The less stable V66W110 and TMAO-stabilized SNase110 having low level of compactness may be the consequences of less effective long-range interactions between the residues in the "β-barrel" region and the residues remote in the sequence of the fragment, which can not intensify the packing interactions in the "β-barrel" region. This analysis suggests that the different degree of compactness for the three fragments is determined by the different extent of hydrophobic packing interactions between side chains of the residues in the "β-barrel" region of G88W110, V66W110, and TMAO-stabilized SNase110.
Analysis of the conformational states of the three forms of 110-residue SNase fragment reveals a relationship between stability, compactness and cooperativity in the folding of fragment. The compactness of each conformational state is highly correlated with the extent of formation of a stable, tightly packed "β-barrel" region. The fragment with higher stability tends to show the higher level of cooperativity in the unfolding transition and higher compactness in structure.
Folding mechanism of 110-residue SNase fragment
In the partially folded state of SNase110 in aqueous solution (10), the native-like β-turn conformations of the segments around I18-D21, Y27-Q30, and A94-K97, as well as the bend at peptide K70-K71 are supposed to be formed transiently based on the similarity of chemical shifts for the dispersed cross-peaks, A17, G20, M26, Y27, G29, A69, K70, I72, D95, and A96 in the 2D 1 H-15 N HSQC spectrum of SNase110 to those observed for SNase(V8) (15, 16) . The preferences for formation of native-like β-turn conformations in these segments of SNase110 are attributed to localized structural propensities that match native structural elements of the same segments in the "β-barrel" region of native SNase. The localized propensity for turn-like conformations of the sequence regions, I18-D21 and Y27-Q30, was observed for the N-terminal short fragments of SNase, namely, SNase28, SNase36, and SNase79 containing 1-28, 1-36, and 1-79 residues of SNase, respectively (38, 39) . In the three-strand antiparallel β I -sheet spanning over the sequence T13-V39 of native SNase, the spatial arrangement of strands β1, β2, and β3 is restricted by the β-turns τ1 (I18-D21) and τ2 (Y27-Q30) (30) . The transiently populated β-sheet-like conformation localized in region T13-V39 was observed in SNase79 (39) . Therefore, the segments I18-D21 and Y27-Q30 having the preferences for formation of native-like β-turns can serve as local nucleation sites in initiation of folding of the 110-residue SNase fragments, according to the nucleation mechanism of protein folding (3, 40) .
The preferential formation of two nascent β-turns in the three 1-110 residues SNase fragments can bring the strands β1, β2, and β3 together to form a native-like antiparallel β I -sheet structure in the segment T13-V39 of the fragments. This is evidenced by the G20I/G29I double mutation of the 110-residue SNase fragments. The CD, intrinsic fluorescence, and 2D Figure 8 in supplementary materials) , the effect of G20I/G29I double mutation on fragment folding is not due to the substitution of a branched isoleucine in the turn region of the fragments. Thus, the replacement of glycine at positions 20 and 29 not only disturbs the local intrinsic interactions of the turn segments, but also influences the further formation of the nascent turn structures in the segments I18-D21 and Y27-Q30, because glycine residues at sequence positions 20 and 29 are required for formation of reverse turns τ1 and τ2 in native SNase. Thereby, the native-like β I -sheet can not be formed stably in the fragments, causing a serious problem in the packing of the strands β5 and β6 against the β I -sheet, which hinders the double mutant SNase fragments from formation of the "β-barrel" structural region. In consequence, the tertiary folding of the G20I/G29I double mutant 110-residue SNase fragments is largely disrupted. This analysis suggests strongly that the tertiary folding of G88W110, V66W110, and SNase110 in 2.0 M TMAO is initiated at the local nucleation sites of I18-D21 and Y27-Q30.
In the folding of the three 110-residue SNase fragments, the "β-barrel" structural region behaves as an essential scaffold upon which the α-helical segments of fragment fold, and the packing of strands β5 and β6 against the antiparallel β I -sheet in the "β-barrel" determines the folding status of the fragments. This was demonstrated in the folding of the 1-79 residues SNase fragment (SNase79). Lacking strand β6 for forming the "β-barrel", SNase79 is unable to generate a folded conformation in the presence of TMAO (41) . The local packing environment of position 88 in native SNase involves the p-loop and "β-barrel" structural regions, and that of position 66 involves the helix α1 and "β-barrel" core. The tightly packed "β-barrel" in G88W110 determines a rather compact structure of low flexibility, having well formed α-helices. The less compact V66W110 and TMAO-stabilized SNase110 having relatively loosely packed "β-barrel" generate the incomplete folded α-helices. In the light of these, the "β-barrel" structural region acts more likely as a large non-local nucleation site for the further development of structure in the fragment folding.
As is analyzed above, the compactness and stability of structures of the three 110-residue SNase fragment are associated with the stabilities of their β-turn and "β-barrel" structures, which represent as the local and non-local nucleation sites for folding of the fragments. Thus, a mechanism depicting the folding of G88W110, V66W110, and TMAO-stabilized SNase110 can be proposed. The folding of 110-residue SNase fragment is initiated at the nucleation sites of I18-D21 and Y27-Q30, and developed by the formation of a non-local nucleation site at the "β-barrel" region, upon which the two α-helices fold. The folding can proceed cooperatively when the local and non-local nuclei, namely the β-turn and "β-barrel" structural regions, are stabilized by the local intrinsic interactions which are consolidated as a result of formation of native-like long-range interactions. Packing in the local environment of residue 88 has a key importance in formation of tertiary structure of the 110-residue SNase fragment. This described mechanism for cooperative folding of the 110-residue SNase fragments in vitro may be also applicable to other large SNase fragments and full length SNase.
Conclusions
This work describes the folding stability and cooperativity of the three forms of 110-residue SNase fragment. The G88W and V66W single mutation and solvophobic effect of TMAO can drive 110-residue SNase fragment folding into a native-like conformation. The tertiary conformations, unfolding free energies, and internal motions of G88W110, V66W110, and SNase110 in 2.0 M TMAO and their G20I/G29I double mutant variants depict the folding features of the 110-residue SNase fragments. The tertiary folding of G88W110 produces an ordered conformation, representing a native-like β-subdomain, which is most stable of the three fragments. V66W-mutant and the TMAO-stabilized 110-residue SNase fragments generate the less ordered and unstable tertiary structures compared to G88W110. The hydrophobic core packing in the "β-barrel" region between β I -and β II -sheet has a profound effect on native-like folding of the fragment, and the native-like "β-barrel" structural region acts as a non-local nucleus for folding of the fragment. The tertiary folding of G88W110, V66W110, and SNase110 in 2.0 M TMAO is initiated by formation of the local nucleation sites at two β-turn regions, I18-D21 and Y27-Q30, and developed by the formation of a non-local nucleation site at the "β-barrel" region. The folding of the fragment proceeds cooperatively when the local intrinsic interactions are consolidated by the formation of the tertiary long-range interactions in the fragment. The mechanism applied in the folding of the 110-residue SNase fragments may be also applicable to other large SNase fragments and full-length SNase.
Coordinates
The atomic coordinates of G88W110, V66W110, and SNase110 in 2.0 M TMAO have been deposited in the Protein Databank (accession code 1RKN, 2F3V, and 2F3W, respectively) and chemical shifts of G88W110, V66W110, and SNase110 in 2.0 M TMAO have been deposited in BioMagResBank along with associated NMR parameters (accession number 5536, 6907, and 6908, respectively). † The estimated secondary structure content of full-length SNase obtained by analysis of its far-UVCD spectrum using programs in the software package CDPro. ‡ The estimated secondary structure content of 110-residue SNase fragments obtained by analysis of their far-UV CD spectra using programs in the software package CDPro. § The estimated secondary structure content of SNase110 assuming all native structural elements from full-length protein were stable in the 110-residue SNase fragment. The secondary structural elements of 1-110 residues segment of full-length SNase(V8) were adopted in the estimation. <SA>: Ensemble of the 12 structures; <SA>: mean structure. "β", "αβ", and "all" denote the residues in β regions, α and β regions, and whole structure, respectively. 
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